The regulation of methane occurrence is critical for gas control. Through liquid nitrogen adsorption, isothermal adsorption/desorption of methane and electrical experiments with undeformed and deformed coal, this paper studies the microscopic characteristics of methane occurrence. The results show: the median-pore-dominant deformed coal has less specific surface area and pore volume than the undeformed coal, which has mainly micropores and small pores; the deformed coal has greater methane absorption ability than the undeformed coal, and the negative influence of temperature on the former is more notable; the resistivity of deformed coal is three to seven times that of undeformed coal, and when adsorbing the resistivity of both coals decreases before being stable, whereas their dielectric constant rises first, then slightly declines. The results of the three experiments are in good accordance. The research is basic for coalbed gas and may provide a new thought for gas control.
Introduction
The coal industry is one of the important trades for the rapid increase in the economy of China and a major energy guarantee to realise rapid and sustainable economic development. Because of the complex geological structure of coal mines, it is China that that holds the highest rate of accidental disasters across the world (Cheng, 2010) , and the coal and gas outbursts are still one of the major mining disasters (Wang et al., 2013a (Wang et al., , 2013b . They are one type of extremely severe dynamic disaster that occurs in the coal mining pit (Li and Zhao, 2016) , which has properties of sudden and exceeding destruction (Yuan, 2010; Li et al., 2012) . Released gas and coal at high speed damages equipment in tunnels, shifts the air flow and destroys the mining ventilation system, causing severe threats to safe production of coal mines, especially to underground workers' lives (Zhou et al., 2014; 2015a) . Therefore, coal and gas outburst has been the primary enemy against the safe production of coal mines (Liu et al., 2000) .
Compared with global mining activities, China has suffered the most intense outburst catastrophes with the highest frequency (Cao et al., 2001) . In an analysis of cross-domestic coal mine accidents in 2008, coal and gas outburst accidents were the major disasters among all coal mine gas accidents, accounting for 58.82% of the accidents and 51.50% of the deaths (Wang et al., 2013b; State Administration of Coal Mine Safety, 2009) . At the same time, rising coal demand, required for the rapid and sustainable economic development of China, results in deeper caving depths and rising gas pressure and gas content. In China, the coal caving depth adds 10 m on average every year; some mines even expand their mining depth at speeds ranging from 20 m to 50 m per year (Li et al., 2009; Zhou et al., 2005) . For example, several mines located in northern and southern China work at depths varying from 800 m to 1,200 m, and their vertical stresses in the coal seams range from 22 MPa to 33 MPa; the gas pressure and content can reach up to 6 MPa and 22 m 3 /t, respectively (Liu et al., 2014) . These conditions result in more and worse gas disasters, especially coal and gas outburst disasters (Cheng et al., 2009; Lin et al., 2011; Li and Saghafi, 2014; Wang et al., 2014a Wang et al., , 2014b . All in all, in China, the increase of mining depth leads to an increase in crustal stress and rapid rise in the quantity and intensity of gas pressure (Dong et al., 2015) and content, causing many mines with low gas levels to become ones with high levels and even gas outburst mines. The number of mines with coal and gas outburst is rising, and the frequency of occurrence is higher; thus, the mine safety situation is still not promising (Wang et al., 2013a (Wang et al., , 2013b Liu et al., 2011; Li et al., 2015) .
At present, due to great efforts by the state and government, the field of gas control has accomplished much progress and achievement. To ensure the safety and high-efficiency production of mines, several effective measures must be applied to prevent gas disasters from occurring (Beamish and Crosdale, 1998; Lu et al., 2010; Aziz et al., 2011; Trubetskoy et al., 2011) . Many academicians perform wide-ranging research and draw some applied conclusions on prevention and control of gas disasters (Toraño et al., 2012; Szlązak et al., 2014; Li, 2014; Yan et al., 2015) highly reducing the nationwide deaths caused by methane and the number of accidents. However, with the mining depth increasing, the problems that the coal industry faces also grow, and so does the work difficulty. There are many reports showing that a rather large number of coal and gas accidents happen during the tunnel dig-in (Zhou et al., 2015b; Lu et al., 2011; Cheng et al., 2012; Hu et al., 2012; Frank et al., 2013; Yang et al., 2014) . As in natural disasters, there are some degrees of laws and some signs before they happen; therefore, they are theoretically foreseeable and preventable (Li et al., 2006) . Research on how to control coal and gas outburst, guarantee coal mine safety and improve its economic profit has a crucial significance to keep underground production safe, effectively prevent outburst accidents and cut costs . Domestic and foreign research on gas control and utilisation of coal mines mainly concentrates on the mechanism of gas pouring and prevention, in which many important achievements have been made. In the meantime, factors affecting gas drainage and the transferring laws of gas in coal seams are also studied. However, the study of the microscopic characteristics of the methane occurrence state in coal has not received as much attention, and because these characteristics have a direct influence on coal and gas outburst, this project is quite essential. It provides a certain theoretical foundation for the control and prevention of gas outburst.
As the pore structures inside coal with different structures are quite distinct -for example, the interior pore structure, especially the micro-pores of undeformed coal, changes greatly after the action of tectonic stress (Jian et al., 2015) -this paper focuses on tectonically deformed and undeformed coals that were collected from different coal mines and studies them with a combination of theoretical analysis and experimental verification, which provides scientific and comprehensive research on microscopic characteristic laws of the methane occurrence state in coal from three aspects -pore structure of coal, methane absorption and desorption on coal and electric parameters of coal with gas and without gas -and offers a new idea and fundamental theory for the control of gas outburst in the future.
Experiments
In this chapter, three experiments -liquid adsorption experiment, experiment of methane adsorption and electrical experiment -were conducted to study the regulation of methane occurrence. The liquid adsorption experiment demonstrates the pores distribution of the deformed coal and undeformed coal, the experiment of methane adsorption gives the different methane adsorption capacity and the electrical experiment shows the impact of methane on coal properties, characterising the methane occurrence in another way.
Measurement of the pore structure of coal by low-temperature liquid nitrogen adsorption
Coal is a loose porous mass. Its specific surface area and distribution of pore diameters are notably significant for its physical properties. In this paper, we used the ASAP2020 automatic specific surface area and physical adsorption analyser (hereinafter referred to as ASAP2020) manufactured by Quantachrome Instruments in the US in University of Science and Technology Beijing. Each sample weighted 0.1 g. Based on the principle of gas adsorption (typically nitrogen), this experiment used static isothermal adsorption, measuring the specific surface area, pore volume, pore diameter and pore content that represent the pore structure of coal with the ASAP2020, to analyse the processes of isothermal adsorption and desorption. As the coal samples are anthracites, there is no substantive distinction in the degree of coalification. The coal samples were renumbered and sorted into two groups as whether they were deformed coal or undeformed coal. There are three samples in each group, which are named primary-1, primary-2, primary-3 and tectonic-1, tectonic-2, tectonic-3, respectively. When sampling, to keep every sample uniform, the operation was strictly required to meet the national standard method. After gas circuit examination, the prepared samples were degassed by the vacuum method. Degassing conditions were set as follows: the heating rate was 10ºC/min, and the final temperature was 100ºC; the samples were held under the conditions of 100ºC and 133 kPa for 800 min, during which the degassing rate was 399 kPa; the lowest vacuum was held at 665 Pa, and the back-filling method was used. When degassing is completed, place the sample at the analysis position. The parameters of analysis included the following items: a balance time of 0.2 h, evacuating slowly, measurement of free space and a maximum calibration pressure of 123 kPa. In addition, p 0 was measured at a certain interval, and any two measured-value were selected to calculate p 0 .
Methane absorption-desorption experiment on coal

Preparation and collection of the coal samples
For this experiment, we chose coal collected in the #2 seam of Xingdong Coal Mine, and the samples were labelled as primary-1 and tectonic-1. Of the two categories, the deformed one suffered greater damage, which could notably indicate the difference between undeformed and deformed coal in terms of adsorption-desorption volume. The collecting process is as follows: both undeformed and deformed coals were located near a normal fault, and the farthest excavated site was no more than 100 m from the fault. The sampling site was selected at the newly exposed recovery or dig-in working face; collected samples were marked after selection with the groove method and then placed in sealed bags to isolate them from air as much as possible, weakening the oxidation of coal. Once the coal arrived at the lab, samples were prepared immediately and then sealed.
Devices and equipment of the absorption-desorption experiment
This test measured the absorption constant of coal samples using the IS-100 of TerraTek Company in America, which is composed of a sample tank, reference tank, thermostat, temperature detection system, pressure detection system and DP system. The experiment was conducted in China University of Mining and Technology and the device is shown in Figure 2 . 
Experimental steps
The volumetry method was applied in this isothermal adsorption experiment.
1 Volume calibration of sample and reference tanks. Place the sample tank and reference tank in an oil bath with a constant temperature, then hold the temperature stable and introduce helium to it, raise the pressure and output data after balancing.
2 Correction to dead space of sample tanks. Put the sample and reference tank in a constant-temperature oil bath after filled with coal sample and raise pressure to 200 psi; balance them for 30 min, and then measure the residual volume.
7 Sequentially measure the remaining pressure points as the above steps.
8 When the adsorption experiment is over, begin the desorption experiment on a scale of nine points, in which we uniformly divide the difference between atmospheric pressure and the final pressure into nine points. Then, measure the pressure from the point with highest pressure with a method similar to that of the adsorption experiment, save for the release of methane.
9 According to the experimental results, calculate the adsorption/desorption volume of coal under the designed pressure.
Electric parameters experiment of coal with methane and without methane 2.3.1 System of experiment on electric parameters of coal
The experiment, done in Henan Polytechnic University, used a shielding cavity made by a double-layer copper skin that was 0.5 mm thick, and the shield device was grounded. The experimental system for detecting electric parameters includes a shielding facility, the 4,263 BLCR metres, Bakelite insulating base, conductive electrode plate and other auxiliary devices. Figure 3 and Figure 4 show the real device and its diagram of structure. The steps of the experiment on the electric parameters of coal are as follows:
1 First, put the Bakelite insulating base at the bottom of the shielding facility; second, place the conductive electric plate on the Bakelite board, and then put the prepared coal sample (briquette) on it. Put the same items on the top end following an opposite sequence to what is described above. Finally, put the heavy block at the top to fix the coal sample, and seal the open top of the shielding facility.
2 Lead the wires from the two conductive electrode plates that are located at both ends of the coal sample (briquette) and connect them to the LCR meter, and then block the holes through which the wires exit with AB glue; finally, connect the grounded wire of the shielding device with the earth wire socket. 
Preparation of coal samples
For this paper, we performed a comparison analysis of deformed and undeformed coal. The undeformed coal was produced by the rock core barrel of F 50 * 100 mm to drill the large block of fresh coal, and the top and bottom face were ground with cutting machine to guarantee that the two ends are forced evenly when loaded; according to Hordoff's research, there is no notable difference in adsorption capacity between briquettes and the initial material (deformed coal) (Meng, 2010) , Therefore, the deformed coal was supplanted by briquettes shaped by moulding from tiny particles of coal. The devices used to shape the briquettes consists of a NYL-60 press, a costume pressing mould and unloading mould, which are listed in Figure 5 . Due to the homogeneous coal powders, the briquettes can be regarded as a homogeneous isotropic medium. Figure 6 pictures the prepared coal samples. The coal samples were numbered according to the category, that is, the samples from the #2 coal seam of Xingdong Coal Mine were labeled as primary-1 and tectonic-1; the samples from the #3 coal seam of Pingshan Coal Mine belonging to HuiHai Energy Limited Company of Shanxi province were primary-2 and tectonic-2; the samples collected at the #10 coal seam of the Shanxi group of Haizi Coal Mine in Huaibei Coal Mining Group of Anhui province were called primary-3 and tectonic-3. 3 Results and analysis
Results and analysis of the liquid nitrogen adsorption experiment
Looking into Figure 7 and Figure 8 , it is clear that the two groups show an identical characteristic that the entire adsorption process can be easily divided into two stages, but the concrete adsorption volume and the inflection point between stages are distinct. The total liquid nitrogen adsorption volume of the deformed coal is nearly ten times greater than the undeformed coal; their adsorption processes consist of two stages-first a stably rising stage and then a rapidly rising stage; whereas the inflection point for the deformed coal appears where the reference adsorption pressure (P/P 0 ) is approximately 0.9, the inflection point of the undeformed coal is higher, at approximately 0.95.
1 Pore volume and different adsorbing phase
It can be seen from Table 1 that the distinction of Figure 7 and Figure 8 is caused by obvious differences in pore volume and pore structure of the two coals. The median diameter of undeformed coal is more than four times greater than that of deformed coal. While the average diameter of the deformed coal sample is less than 9 nm, with an average of 8.09 nm, the diameter of the undeformed coal is generally greater than 30 nm, the average of which is 34.62 nm. There are also great differences in pore volume: the average of pore volume of deformed coal is 0.07395 cm 3 /g, nearly 13 times greater than the 0.00565 cm 3 /g of undeformed coal; this result is also the primary factor why the adsorption volume of the deformed coal is approximately ten times greater than that of the undeformed coal.
Further analysis of Table 2 indicates the proportions of micro-pores and small-pores in the deformed coal are 77.32% in tectonic-1, 77.55% in tectonic-2 and 76.80% in tectonic-3, the average of which is 77.22%; the proportions of micro-pores and small-pores in undeformed coal are 59.52% in primary-1, 63.71% in primary-2 and 64.41% in primary-3, the average of which is 62.45%. The volume ratio of adsorbing pores in deformed coal is greater than that in undeformed coal by nearly 15%, may leading the adsorption and storing capacity of deformed coal for coal gas to be greater. The data comparison suggests that the ratio of the former is approximately four-fifths of the ratio of the latter; therefore, the rapidly rising stage moves forward.
2 Specific surface area of pore and adsorption From the data in Table 2 , we can infer that no matter which type the coal is, the pore specific surface area of both deformed and undeformed coal shows the characteristic that micro-pore > small-pore > median-pore, which meets the common law of pore specific surface area of anthracite. Nevertheless, the absolute values of pore specific surface area in different coal samples are quite distinct.
In the case of overall specific surface area, the average value for deformed coal samples is 52.27 m 2 /g and the average for undeformed coal samples is 3.11 m 2 /g, nearly one 15th of the former. In addition, the averages of specific surface areas of micro-pores, small-pores and median-pores in deformed coal are 17.90, 18.68 and 12.47 times than those in undeformed coal, respectively.
When looking at Figure 9 , it is clear that the relationship of corresponding specific surface areas of deformed and undeformed coal in different levels lies around the line of equal proportion, indicating there is no substantial difference between the two anthracite coals. Thus, this result is consistent with the facts. It can be concluded that the transformation of coal pore structure by tectonic forces is comprehensive, especially on the microporous scale of macromolecular structure. 
Results and analysis of methane adsorption-desorption experiment on coal
Adsorption-desorption experimental results on coals of different structure
The measured data of adsorption-desorption experiment are shown in Table 3 and Table 4 . 
Study on adsorption-desorption characteristics of coal with methane molecules 1 Determination of the adsorption constant
The Langmuir monolayer adsorption equation is described in formula (1):
where a -adsorption constant, representing the limit of the adsorption quantity of coal when P is infinite b -adsorption coefficient, an index featuring the methane adsorption velocity of coal P -pressure, where P L = 1/b, a ratio of the desorption velocity constant, k 1 , to the adsorption velocity constant, k 2 ; it reflects the adsorption capacity of the inner surface of coal with respect to gas.
Since the Langmuir equation has a clear sense and high goodness of fit, the data were processed for this paper by fitting the Langmuir equation, which yielded the values of a and b for the coal samples under different temperatures, as shown in Table 5 . It can be seen in Table 5 that a and b of deformed coal are always greater. This is because the ability of deformed coal to contain gas is greater than that of the corresponding undeformed coal, and the former is easier to desorbs under the same conditions.
According to the Langmuir equation:
where: P -gas pressure, unit: MPa V -the adsorption quantity when pressure is P, unit: cm 3 /g V L -Langmuir volume, that is, the maximum adsorption volume, unit: cm 3 /g P L -Langmuir pressure, unit: MPa.
According to formula (2), draw the relationship of P/V and P, and calculate the slope (A) and the intercept (B) of the straight line determined by linear fitting to obtain the Langmuir volume V L and Langmuir pressure
The calculated results are displayed in Table 6 . 2 Effect of temperature on the adsorption capacity of coal for methane
The curves featuring the relationships of the isothermal adsorption volume and pressure of coal with different structures with the temperatures of 20ºC, 30ºC, and 40ºC are shown in Figure 10 and Figure 11 . Figure 11 and Figure 12 all suggest that temperature has a negative impact on the adsorption capacity of coal, that is, the adsorption capacity declines as the temperature rises. Different coal structures have different adsorption characteristics at different temperatures, and the undeformed coal is more affected, which means that temperature has a greater influence on undeformed coal. Figures 13-18 suggest that under the same pressure, the adsorption volume of deformed coal is notably greater; when the pressure rises to a certain value, the adsorption volume of deformed coal is always higher, and the difference between the two coals holds stable.
Research on the adsorption and desorption volumes of coal to methane
The curves reflecting the relationship between isothermal adsorption volume/desorption volume and pressure for coals with different structure at temperatures of 20ºC, 30ºC and 40ºC are depicted in Figures 15-17 . It is clear in Figures 15-17 that under the same temperature, the curves of adsorption/desorption volume for undeformed coal are well fitted, and the two curves are quite close. This proves the reversibility of adsorption-desorption. Nevertheless, the fitting performance of the deformed coal is quite common, and the adsorption and desorption volumes are significantly different; as the pressure rises, the two points finally reclose. In other words, the distinction becomes smaller while the temperature rises, which proves the characteristic that the gas diffusion speed is higher at the beginning and the desorption volume is large for the deformed coal in another view.
Results and analysis about the experiment of electrical parameters
Measurement and analysis on the resistivity of coal with different structures
The resistivities under different frequencies are shown in Table 7 . According to calculation the resistivity of deformed coal is approximately 15-30 times of that of undeformed coal. The reason is that the deformed coal samples are briquettes that are pressed into shape from the crushed deformed coal. Their interior fractures are much more numerous than those in the undamaged undeformed coal, and pore structure in them is also higher, which can be proved by the liquid nitrogen adsorption experiment. Thus, the resistivity of the deformed coal is far greater, which is consistent with the theory.
The experimental data indicate that the carbon content of coal is another crucial factor that affects the resistivity besides structure. It can be seen in Figures 18 and 19 that as the carbon content rises, both the resistivity of deformed and undeformed coal decrease. With the carbon content rises, the inner electrons produce a greater electrical conductivity. Meanwhile, the applied voltage influences the resistivity of coal. Due to the high carbon content of the anthracite or its high degree of coalification, its resistivity is close to that of a good conductor, which leads to the state of overall breakdown from the beginning. Thus, there is no 'electron avalanche', and the current is increasing continuously, causing the measured resistivity to become lower.
Influence of methane adsorption on the resistivity of coal
This experiment is modified on the foundation of the methane adsorption experiment on coal, in which the two ends of the coal sample are coated with a capacitor plate and a capacitor shell, and then the overall setup is placed in the adsorption cylinder, leading the wires from the capacitor plates. The variation of resistivity was detected during the adsorption of methane. The experimental temperature was held at 20ºC and the coal samples were primary-1 and tectonic-1, the undeformed and deformed coal samples from the Xingdong Coal Mine.
Looking at Figure 20 and Figure 21 , during the adsorption of methane, the resistivity of both deformed and undeformed coal shows a trend of decline. For the sample primary-1, the resistivity rises quickly to four in approximately 20 minutes from the beginning of adsorption, and then it decreases slowly to a stable value. The resistivity of tectonic-1 first stays stable and then declines slowly to 65% of the initial volume and reaches a balance. It also shows a small rise at the last stage. 
Measurement and analysis of dielectric constant of coal with different structures
The dielectric constants of different coal samples are measured by an LCR metre on the base of the resistivity measuring experiment. The concrete data are shown in Table 8 .
1 Change regulation of dielectric constant for coal with different structures Analysing Table 7 , the dielectric constant of undeformed coal is greater than that of deformed coal. The dielectric constant of the undeformed group ranges from 72.97 to 133.47, approximately six times the range of the deformed group at 8.43~24.03. The greater the dielectric constant is the better conductivity it produces. It is found that the measured results are in agreement with the above resistivity data.
2 Effect of gas absorption on the dielectric constant of coal Based on the experiment of resistivity measuring, the dielectric constant of coal that contains methane was metered, and the results are shown in Figure 22 and Figure 23 . After the gas is introduced to the undeformed coal, its dielectric constant decreases after an initial rise and rises again before finally reaching a stable value; the dielectric constant of deformed coal also rises first but then decreases to a stable value. In the adsorption of methane, the phenomenon that the dielectric constant first rises and then declines appears in both samples. It can also be explained by the existing theory. At the beginning, the compression of adsorbed gas to coal results in the improvement of conductivity and the dielectric constant. When the coal reaches adsorption balance, new fractures and pore channels are produced by the extra gas pressure, causing the reduction of conductivity and the dielectric constant.
The adsorbing ability of coal to gas is closely related to the number of internal micro-pores: the more micro-pores, the larger the adsorption volume of gas. The liquid nitrogen adsorption experiment shows that the quantity of median-pores and micro-pores in deformed coal is greater than those in undeformed coal and that micro-pores are dominant in the pore structure; therefore, the adsorption volume of deformed coal for gas is larger than that of undeformed coal, which is consistent with the experimental phenomena. The above theory is also applicable to the variation law of resistivity in the case of coal with gas and without gas. 
Conclusions
In this paper, microscopic pore structure, methane occurrence and electrical property were studied with the deformed and undeformed coals collected from the #2 seam of Xingdong Coal Mine, #3 coal seam of Pingshan Coal Mine belonging to Shanxi HuiHai Energy Co., Ltd and #10 coal seam of the Shanxi group in Haizi Coal Mine of Anhui Huaibei Coal Mining Group. The main points were as follows:
1 In the low-temperature liquid nitrogen adsorption experiment, it is found that there is large difference in specific surface area and pore volume of microscopic pore between the two samples. The specific surface area increases from micro-pores to small-pores to median-pores, and the specific surface area of all types of pores in deformed coal is greater than those in undeformed coal; in the case of pore volume, the volume of pores with different diameters is much greater than that of undeformed coal, and the pore with the greatest difference is micro-pores, approximately 16.6 times the value in undeformed coal.
2 Through the adsorption-desorption experiment at temperatures of 20ºC, 30ºC, and 40ºC, performed on the deformed and undeformed coal from the #2 coal seam of Xingdong Coal Mine, it appears that the adsorption capacity of coal decreases with rising temperature. In addition, the undeformed coal is more sensitive to temperature. Thus, the influence of temperature on the adsorption capacity of coal cannot be ignored.
3 When the experimental temperature is settled, whereas the adsorption-desorption curves of undeformed coal coincide better, the curves of deformed coal are worse. The phenomenon indicates that the fitting performance of the adsorption-deportation curve for deformed coal is common. Nevertheless, as the temperature rises, the distinction of deformed coal in the adsorption-desorption process becomes less.
4 In the experiment for measuring electrical parameters, the resistivity of deformed coal is 3~7 times that of undeformed coal. The degree of carbonisation has a great influence on the electrical parameters of coal. As the carbon content increases, the resistivity decreases and dielectric constant rises first and then declines.
5 In the process of the adsorption of methane, the resistivity of the two coal samples shows a downward trend, and the dielectric constant increases after the initial drop.
